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ABSTRACT 
Engineered functional surfaces often feature varying slopes on macro- and micro-scales. When surfaces are mirror-like, 
the highest surface slope that can be measured by a far-field 3D imaging optical surface measuring instrument is the arcsine 
of the numerical aperture (NA) of the objective lens, i.e. the acceptance angle of the lens. However, progress in instrument 
design has allowed for measurement of non-specular surfaces with slopes steeper than this “traditional” NA limit. 
Nonetheless, there is currently a lack of understanding about the instrument response to surfaces with steep slopes beyond 
this limit. It is unclear over what surface spatial frequencies we can expect to accurately report fine surface-feature details. 
Here we present results demonstrating the capability of a commercial coherence scanning interferometer for measuring 
surface topography of a roughened flat and a blazed grating with tilt angles greater than the NA slope limit. We show that 
the surface form, i.e. the tilted plane, can be measured correctly. But, while surface texture information that can appear 
useful is also obtained, tilting significantly influences the measurement accuracy of micro-scale texture, and for 
asymmetric gratings, can depend on the tilting direction. A simplified surface scattering model suggests that the loss of 
scattered power captured by the instrument and a low signal-to-noise ratio causes the reduction of measurement accuracy. 
However, a rigorous three-dimensional instrument model is needed for a full understanding; we will develop this in our 
future work. 
Keywords: optical metrology, surface topography, coherence scanning interferometry, numerical aperture limit, optical 
modelling 
1. INTRODUCTION 
The topographies of functional surfaces on manufactured parts can have significant effects on the parts’ functional 
properties, performance and lifetime1. For example, the surface topography significantly influences the tribological 
properties and lifetime of a three-dimensional (3D) printed knee replacement, the fuel flow cavitation of a fuel injector 
nozzle, and the aerodynamic properties and cooling effects of a turbine blade with micro-scale cooling holes1,2. To provide 
comprehensive information about a surface’s topography, or to conduct quality inspection of surface-engineered parts, 
surface topography measurement methods are required3. Compared to traditional mechanical contact methods, optical 
techniques have many advantages, such as their non-contact nature, and the ability of areal optical methods to rapidly 
capture entire fields of view4.  
Engineered functional surfaces often feature varying slopes on macro- and micro-scales. For a mirror-like surface that only 
reflects light in the specular direction, the highest surface slope that can be measured by a far-field 3D optical surface 
measuring instrument is determined by the numerical aperture (NA) of the objective lens. Light that is specularly reflected 
by a surface that has a slope larger than one-half of the maximum reflected ray angle (𝜃 = sin−1𝐴𝑛, where 𝐴𝑛 is the NA) 
will fall outside of the acceptance cone of the instrument and not be captured4, as shown in Figure 1. However, many 
surfaces are not mirror-like and produce a distribution of scatter when illuminated; under the Abbe theory of image 
formation, it is the capture of this scatter that provides image contrast5,6. More information about the object being measured 
can be recorded in the image if more scattering/diffraction orders can be captured. The limited NA captures only a portion 
of the scatter, which determines the upper limit to both the resolution of the instrument and to the surface spatial frequencies 
transferred by the instrument. 
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Figure 1. Diagram of the measurement of a mirror-like surface which only specularly reflects under two different tilting 
arrangements.  
Information from steep surfaces beyond the specular limit using surface topography measuring instruments can be acquired 
by adjusting or making use of multiple viewing angles with respect to the sample, through the use of tilt or multi-axes 
stages7–10, rotating both the sample and the sensor11, or making use of multiple sensors12,13. Unfortunately, such approaches 
are comparatively expensive, due to the additional moving parts (or additional sensors), can be slower (moving stage and 
making multiple measurements), require an accurate combination of measurement data, and have an increased difficulty 
in retaining stability during a measurement.  
However, various instruments are capable of imaging and obtaining topography information from surfaces with slope 
angles well outside the specular acceptance cone, without repositioning the sample or instrument. This capability is 
attributed to the capture and detection of diffuse and back-scattered light from the microstructures found on the surface 
slopes14–17, which is possible due to recent advances in instrument technology and design. For a coherence scanning 
interferometry (CSI) instrument, high dynamic range measurement of parts with wide reflectance ranges can be performed 
through the alternation of light levels during a measurement or between sequential measurements, and dynamic noise 
reduction for detection of weak signals can be achieved through signal oversampling17–19. In a focus variation instrument, 
the use of ring light illumination can essentially increase the illumination NA, consequently extending the range of 
measurable steep surfaces15,20. 
Typically, image formation from surface slopes that are steep enough that specular reflections are lost, obtain surface 
information with a low signal-to-noise ratio (SNR), which can lead to non-measured points4,21 and high uncertainty. There 
is currently a lack of understanding about the instrument response to surfaces with steep slopes outside the NA cone, and 
in particular it is unclear over what surface spatial frequencies we can expect to accurately report texture and fine surface-
feature details. The reliability of topography from these regions is unknown. In this paper, we will present the topography 
results obtained from measurement of steep and tilted surfaces outside the traditional NA acceptance cone, to demonstrate 
the capability of a CSI instrument to capture surface information. We will look at both the form and texture components 
of the surface topography produced, displaying the resulting measurement data for the samples measured when tilted. In 
comparison to reference measurements, such as CSI measurements of the surface while untilted and from an atomic force 
microscopy (AFM) instrument, we will discuss problems seen with the surface texture obtained from measurements as a 
surface is tilted. We also propose a methodology to improve the understanding of these phenomena through rigorous 
optical models of surface scattering and CSI imaging. A preliminary result is shown – more rigorous and comprehensive 
investigations will be conducted in our future work. 
  
 
 
2. METHODS AND MATERIALS 
2.1 CSI instrument 
We use a Zygo Nexview™ NX2 CSI instrument with objective lenses outlined in Table 1 for the measurements presented 
in this paper. A detailed description of the working principle of CSI22 and recent studies on its 3D transfer function can be 
found elsewhere23,24. 
Table 1. CSI instrument’s objective lenses used in this work 
Magnification 20× 50× 
NA 0.40 0.55 
Acceptance half-angle from arcsin(NA) 23.6° 33.4° 
FOV  (0.43 × 0.43) mm (0.17 × 0.17) mm 
Optical resolution (Sparrow criterion) 0.71 µm 0.52 µm 
Spatial sampling 0.43 µm/pixel 0.17 µm/pixel 
 
2.2 Test samples 
For the sake of simplicity, two planar surfaces with microstructures are used to demonstrate the capability of the instrument 
to obtain information from surfaces titled beyond the acceptance cone. The first surface is a randomly roughened metal 
flat, with an Sq, areal root-mean-square roughness parameter, of 237 nm evaluated over six regions with standard deviation 
of 17 nm. All surface parameters in this paper for measurements taken by the CSI instrument using the 20× lens are 
calculated from the surface texture, obtained from the topography from the following procedure: Gaussian S-filter with a 
nesting index of 2.5 μm; levelling by rotation of least-squares mean plane; and Gaussian L-filter with a nesting index of 
250 μm. The second surface used is a blazed grating, specifically a Thorlabs GR13-0305 visible ruled reflective diffraction 
grating, with a groove spatial frequency of 300 lines per millimetre. The grating substrate is made of soda lime glass, 
coated with an aluminium reflective coating. Using an AFM instrument in tapping mode, the grating was found to have a 
pitch of approximately 3.4 µm, and a peak-to-valley (PV) height of approximately 0.2 µm, as shown in Figure 2; these 
parameters are used for modelling scatter from the grating. The AFM instrument used a tip with a maximum radius of 
12 nm, obtaining topography over a (10 × 10) µm region with sample spacing of 26.1 nm, and with a Z sensor noise level 
of around 30 pm root-mean-square. 
 
Figure 2. The profile of the GR13-0305 blazed grating as measured by an AFM instrument. 
2.3 Experimental design 
The roughened flat is measured with the 20× lens while tilted by 30°, to examine the effect on the surface topography 
information obtained when the collection of the specular scatter is prevented. We expect to still obtain useful topography 
information from both the surface form (determined by the tilt) and the surface texture. The blazed grating is measured 
with the 50× lens at both 0° and 45° tilt, as shown in Figure 3; note that case III is symmetrically equivalent to a 45° tilt in 
the opposite direction to case II. As a blazed grating produces well defined and separated diffraction orders, and is known 
for its asymmetric distribution of scatter, a comparison of tilts with the same magnitude but different directions allows us 
to investigate the connection between the surface texture obtained and the diffraction orders captured while controlling for 
  
 
 
the absolute tilt. While not shown here, the surface homogeneity of the grating was confirmed to allow comparison of 
measurements from different regions as though they were taken from the same region, and repeat measurements at specific 
tilts were taken to confirm that the topography results obtained at that tilt were independent of the measurement location. 
 
Figure 3. Diagram describing the three tilting arrangements used for measurement, where the black arrow denotes the blaze 
direction of the grating. (a) Case I: The sample is not titled, (b) Case II: the sample is tilted at 45° with downward facing blaze, 
(c) Case III: the sample is tilted at 45° with upward facing blaze.  
2.4 Diffraction by tilted blazed grating 
Blazed gratings produce an asymmetric distribution of scatter. Consequently, under the Abbe theory of imaging we would 
expect measurements of the gratings taken at the same absolute tilt but in each direction to produce different results. In 
order to quantify a blazed grating’s scatter distribution, a boundary element method (BEM) scattering model was used. 
Our BEM model has previously been reported: evidence of its validity and its use in modelling CSI is given elsewhere25. 
For monochromatic, linearly polarised plane wave illumination, the model solves linear partial differential equations along 
the surface boundary to obtain the field and its surface normal derivative, from which far-field scatter can then be 
calculated26.  
In this work, we used a two-dimensional (2D) BEM model to simulate the scattering by a blazed grating at different tilt 
angles when illuminated by a monochromatic plane wave at normal incidence. Intensity values are obtained from both s- 
and p-polarised illumination, and averaged together, to represent the result of unpolarised illumination. The model is 
limited to modelling of surfaces of homogenous refractive index with surfaces fully described by lines on the plane of 
incidence (x-z plane). The intention was to use the basic scattering phenomenon to partially understand the effects that we 
observed in the CSI surface measurement.  
3. RESULTS 
Despite the 23.6° acceptance angle of the 20× objective lens used, in Figure 4(a) and (d) the instrument is shown capable 
of obtaining topography from the measurement of the 30° tilted roughened flat, providing form data with surface 
inclination agreeing closely with the chosen tilt. Similar results on instrument capability can be seen in references17,18. 
Clearly, even the loss of the specular component of the scatter does not prevent useful topography information from being 
obtained, and that this information must originate from the non-specular scatter captured.  
Presented in Figure 4(b) is the texture information obtained from the surface while tilted. Measurements of this tilted 
surface from six different locations provide a Sq of 246 nm with a standard deviation of 34 nm, which is similar to that 
obtained at 0° tilt (described in section 2.2), and this similarity is shown in Figure 4 between plots (b) and (c). However, 
comparison of the surface topography from the same location while at different tilts is difficult as it is a random surface, 
and we, therefore, cannot conclude from this result alone whether or not the texture has been accurately measured. To 
investigate how the loss of scatter affects the measured surface texture, we need to measure a grating which contains 
periodic and well-defined surface structure. 
  
 
 
 
 
Figure 4. Topography results from a 20× lens of the roughened flat (a,b,d,e) when tilted at 30°, and (c, f) when untilted. Shown 
is the (a) raw topography obtained when the surface was tilted, (b) the topography after levelling with the least-squares best 
fit plane, and (c) the raw topography obtained when the surface was untilted. Plots (d-f) are the north-south profiles taken from 
plots (a-c) respectively, as marked by the black arrows. 
Shown in Figure 5 are the topography results from the measurement of the blazed grating using the 50× lens corresponding 
to cases I, II and III as defined in Figure 3. 
 
Figure 5. Topography results after plane form removal from a CSI measurement of a GR13-0305 blazed grating with tilting 
arrangements of (a) Case I, (b) Case II, and (c) Case III, using a 50× lens; corresponding profiles are shown below in plots 
(d-f). These profiles are taken along and in the direction of the lines marked by the black arrows. 
These results show that the texture information obtained from the blazed grating is influenced significantly by tilting, and 
the tilting direction chosen. From the 0° results shown in Figure 5(a), the grating’s blazed profile is shown, however, the 
PV heights across the profile are approximately 0.12 µm, below the 0.2 µm PV height measured by the AFM instrument. 
This reduction in height is expected and occurs due to the spatial frequency transfer characteristics of the CSI instrument27–
29,23, with a transmission magnitude at 0.3 µm-1 of approximately 70%24. Further reductions to the transmittance are 
expected as the instrument will have had some reference mirror defocus present while the measurements were taken30.  
Despite being measurements of the same surface and at the same absolute tilt, the results from case II and case III differ 
significantly; the topography from case II retains the overall blazed structure, while case III provides significantly less 
visible structure. This difference occurs due to the asymmetry of scatter from the grating. The simulated far-field 
  
 
 
scattering/diffraction of an ideal blazed grating with geometry matching that of the GR13-0305 under normally incident 
monochromatic plane wave illumination of wavelength 580 nm (the central wavelength of the CSI system) is shown in 
Figure 6. Clearly, more scattered power is collected within the aperture and a high SNR is achieved for case II (Figure 
6(b)) compared to case III (Figure 6(c)).  
Although the measurement results in case II retain a blazed grating structure with the correct pitch, the PV height of the 
blazed structure is approximately 0.82 µm, around four times larger than the value from the AFM measurement. Clearly, 
the CSI measurement of case I (0° tilt) provides a result that is much closer to the reference measurement. This result is 
consistent with the scattering modelling in Figure 6(a) where more diffraction orders are captured at a high SNR within 
the NA limit.  
However, from these results we cannot entirely understand why the measured grating’s PV height and surface height 
variation are amplified in cases II and III. A fully 3D rigorous CSI model that considers polychromatic incoherent 
illumination, based on the recently reported boundary source method surface scattering model31, is required (an extension 
of the 2D rigorous CSI model25).  
 
Figure 6. Modelling results for scattered intensity from the blazed grating shown in Figure 5, for the average intensity obtained 
from both s- and p-polarised monochromatic illumination of wavelength 580 nm, (a) Case I, (b) Case II, and (c) Case III.  The 
region between the dashed black lines denote the ±33.4° acceptance cone for the 50× lens (0.55 NA). 
4. CONCLUSION 
In this paper, while instruments traditionally struggle with measuring outside their NA limited acceptance cone, we have 
shown that the state-of-the-art CSI instruments can now be sensitive enough to obtain topographic information for tilted 
surfaces well beyond the traditional acceptance angle. While surface texture information that can appear useful is also 
obtained, we have shown that tilting significantly influences the measurement accuracy of micro-scale texture, and for 
asymmetric gratings can depend on the tilting direction. From our modelling results, we suggest that the loss of scattered 
power captured by the instrument and a low SNR would cause reduction of measurement accuracy; however, a rigorous 
3D CSI model is needed for a full understanding and this is the focus of our future work. 
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